In large part, cancer results from the accumulation of multiple mutations in a single cell lineage that are sequentially acquired and subject to an evolutionary process where selection drives the expansion of more fit subclones. Owing to the technical challenge of distinguishing and isolating distinct cancer subclones, many aspects of this clonal evolution are poorly understood, including the diversity of different subclones in an individual cancer, the nature of the subclones contributing to relapse, and the identity of pre-cancerous mutations. These issues are not just important to our understanding of cancer biology, but are also clinically important given the need to understand the nature of subclones responsible for the refractory and relapsed disease that cause significant morbidity and mortality in patients. Recently, advanced genomic techniques have been used to investigate clonal diversity and evolution in acute leukemia. Studies of pediatric acute lymphoblastic leukemia (ALL) demonstrated that in individual patients there are multiple genetic subclones of leukemia-initiating cells, with a complex clonal architecture. Separate studies also investigating pediatric ALL determined that the clonal basis of relapse was variable and complex, with relapse often evolving from a clone ancestral to the predominant de novo leukemia clone. Additional studies in both ALL and acute myeloid leukemia have identified pre-leukemic mutations in some individual cases. This review will highlight these recent reports investigating the clonal evolution of acute leukemia genomes and discuss the implications for clinical therapy.
INTRODUCTION
Technological advances in genomics have fundamentally redefined what is possible in cancer research. Ten years after the first draft of the human genome, hundreds of cancer genomes have now been sequenced. 1 For the first time, scientists and clinicians can generate complete catalogs of sequence and structural mutations in a given cancer genome.
1,2 Indeed, whole-genome sequencing has already proved valuable in the clinical diagnosis of individual leukemia patients. 3, 4 At the population level, the systematic analysis of mutations and copy number alterations (CNA) in many cancer genomes has helped define the genes recurrently involved in a given malignancy. These new experimental possibilities enable traction on questions that have been unresolved in the field of cancer biology for decades.
In large part, cancer results from the accumulation of multiple mutations in a single cell lineage. 5 Clonal progression is an evolutionary process in which mutations provide genetic diversity within a cell lineage and selection drives the expansion of more fit subclones ( Figure 1 ). 6 In order to observe clonal evolution, cancer subclones must be distinguished, which has been a major technical challenge. Examples of overcoming this challenge have been informative, but few in number; thus, many aspects of clonal evolution are unknown. How diverse and numerous are different subclones of an individual cancer? Which subclones contribute to relapse? What are the minimum mutations necessary to result in the cancer? Which of these mutations are pre-cancerous? What is the order in which these mutations are acquired?
These questions are not just important to our understanding of cancer biology, but are also important clinically. Indeed, identifying the subclonal origin of relapsed disease may shift the target of therapy to include both the dominant diagnostic clone and a potentially minor relapse clone. Moreover, rare pre-cancerous clones may contribute to relapse through the acquisition of new mutations, suggesting that these cells may also need to be targeted for cure. One consequence of the emerging capacity for deep characterization of cancer genomes is the ability to discriminate subclones by using acquired mutations as genetic markers. With this technological advance, further insight into clonal evolution is now possible. This review will highlight recent reports investigating the clonal evolution of acute leukemia genomes and discuss the implications for clinical therapies.
ACUTE MYELOID LEUKEMIA
Acute myeloid leukemia (AML) is an aggressive malignancy of the bone marrow with a 5-year overall survival between 30 and 40%. 7, 8 AML is predominantly a disease of adults, and patients over age 65 have especially poor outcomes. 7, 8 Before the advent of genome-scale sequencing, a great deal had been learned about somatically acquired genetic abnormalities and mutations in AML. Recurrent cytogenetic abnormalities have been identified in AML, including translocations resulting in oncogenic fusion proteins and chromosome copy number variants, many of which are prognostic for patients. 9, 10 However, in the majority of patients, AML blasts have a normal karyotype (NK-AML). Investigation of these cases has led to the identification of a number of recurrent molecular mutations, many of which are prognostic among NK-AML patients. 11, 12 Investigation of the nature of these mutations suggested that they could be classified into two complementation groups: (1) mutations that impair normal differentiation and (2) mutations that increase proliferation and/or impair cell death. 13 Analysis of multiple AML cases determined that an individual leukemia often has one 'differentiation' mutation and one 'growth' mutation, but will rarely have multiple mutations within a single complementation group. 13 These results suggested a two-hit model for the development of AML.
This two-hit model has undergone significant revision due to recent AML genome and exome sequencing studies. The first complete cancer genome to be reported was from a patient with AML.
14 This work advanced computational methods for the detection of somatic mutations by short-read genome re-sequencing and heralded the current era of explosive growth in cancer genome sequencing. In three separate reports, this group detailed results from two AML patients, which were primarily focused on analysis of single-nucleotide polymorphisms and small insertions or deletions (Indels) in the protein-coding sequences or exons. 14 --16 In these cases, 11 --12 mutations were identified, and in each two were previously known to be recurrent in AML. Of the novel mutations, only two, in IDH1 and DNMT3A, were found to be recurrent in a large cohort of AML specimens. 14 --16 On average, it appears that AML genomes contain approximately 10 mutations that disrupt protein sequences, a minority of which are proving to be recurrent, and are therefore likely to be 'driver' mutations involved in leukemogenesis. It remains to be seen if the remainder are either 'driver' mutations specific to individual patients or are 'passenger' mutations retained in the leukemic clone, but not involved in disease pathogenesis.
Given that most of the whole-genome sequencing analysis has focused on protein-coding exons, targeted exome capture has been used to focus sequencing analyses and costs on this 1% of the genome. 17, 18 Targeted exome sequencing of AML M5 patients identified five recurrent mutations including DNMT3A.
19 Several other recurrent mutations have recently been identified through investigation of karyotypic abnormalities in myeloid malignancies including TET2 20 and EZH2. 21 Interestingly, many of the newly identified mutations occur in genes involved in the regulation of the epigenome, and are often mutually exclusive, as evidenced by the fact that mutations in TET2 and IDH1/2 are not detected in the same patient. 22 These results suggest that a third complementation group of mutations in epigenome regulators should be added to the two-hit model described above.
ACUTE LYMPHOBLASTIC LEUKEMIA
Acute lymphoblastic leukemia (ALL) is the second major aggressive malignancy of the bone marrow and is predominantly a disease of children. Precursor B-ALL comprises the majority of cases, and treatment with combination chemotherapy results in a 5-year event-free survival of 80% for children and 40% for adults. 23 Like AML, multiple recurrent cytogenetic abnormalities have been identified in B-ALL, including t(12;21) resulting in a TEL --AML1 fusion, t(9;22) resulting in a BCR --ABL fusion, several translocations involving the MLL gene and global chromosome copy number changes. As with AML, these cytogenetic abnormalities specify prognosis and response to chemotherapy regimens. 23 Beyond cytogenetics, understanding of B-ALL pathogenesis has been greatly advanced through the recent identification of multiple recurrent genetic mutations in B-ALL. This advance was initiated through global analyses of somatic CNA by singlenucleotide polymorphism microarray in 242 cases of pediatric ALL, which identified an average of 6.5 CNA per patient. 24 These results are in contrast to similar analyses of AML, where the mean number of CNA per patient was 2.3. 25 Investigation of the loci with recurrent CNA determined that approximately 40% of B-ALL cases contained mutations in B-lineage specification genes, most frequently in PAX5, EBF1 and IKZF1.
24 A follow-up study identified mutation of IKZF1 as a near-obligate event, occurring in 84% of cases, in BCR --ABL B --ALL and as a mutation acquired during the progression from chronic-phase chronic myeloid leukemia to lymphoid blast crisis. 26 Whole-genome sequencing is yet to be reported in ALL; however, a candidate gene re-sequencing study of matched diagnosis and relapse samples identified CREBBP as a gene mutated in 18% of B-ALL cases that relapsed, but was essentially unmutated in cases that did not relapse. 27 Together, the recent identification of genetic abnormalities in AML and ALL at the molecular and single-gene level not only provides a greater understanding of the pathogenesis of these diseases, but also provides the genetic markers necessary to begin to advance our understanding of clonal evolution in acute leukemia.
THE GENETIC DIVERSITY OF LEUKEMIA SUBCLONES
One of the most important questions in understanding clonal progression in leukemia is to determine the nature and number of different subclones within an individual cancer. In order to approach this question, distinct genetic subclones must be distinguished, which is now possible with the recent identification of CNA abnormalities in ALL. Two recent publications utilized CNA and/or chromosomal structural abnormalities as genetic markers to discriminate subclones in pediatric ALL, both demonstrating that, in individual patients, there are multiple genetic subclones of leukemia-initiating cells with a complex clonal architecture ( Figure 2 ).
In the first paper, multicolor fluorescence in situ hybridization (FISH) was used to track multiple genetic abnormalities identified in bulk ALL cells, yielding quantitative single cell resolution of the relative frequency of genetically distinct leukemia subclones. 28 The authors investigated 30 cases of pediatric ALL with the TEL --AML1 translocation, a pre-natal and putative founding mutation, 29 and additional deletions of the remaining TEL allele, CDKN2A and/or PAX5. By applying multicolor FISH for these and additional genetic abnormalities, multiple subclones were identified in each case with diverse patterns and frequencies, which are likely to be an underestimate given the further subclonal heterogeneity that surely exists from single nucleotide variants not sampled in this study. In these cases, minor subclones represented at least 14% of leukemic cells from any patient. Genomic and functional studies have demonstrated that multiple mutations are necessary to transform normal cells into a leukemic clone (here depicted as five mutations). In the case of acute leukemia, these mutations occur in hematopoietic cells in the bone marrow, most of which are short-lived. As HSC are the only self-renewing cells among bone marrow progenitors, a model has been proposed that mutations must sequentially accumulate within distinct clones of HSC over time (X-axis), eventually resulting in the generation of a frankly leukemic clone (Y-axis). According to this model, the HSC compartment at the time of diagnosis is heterogeneous with both genetically normal HSC and numerous intermediate pre-leukemic HSC clones, possessing some, but not all, of the mutations found in the leukemic clone.
Evolution of acute leukemia genomes M Jan and R Majeti Furthermore, 80% of cases contained nonlinear branched hierarchies of subclones with no stereotypic order of recurrent CNA. Moreover, subclones with more CNA were not necessarily more prevalent than those with fewer abnormalities. Importantly, some relationships between subclones could only be explained by multiple independent CNA affecting a single gene, suggesting that oncogenic mutations may occur more frequently than are often assumed. Lastly, a similar pattern of subclonal diversity was observed in leukemia cells engrafted into immunodeficient mice, establishing the genetic heterogeneity of leukemia-initiating/ propagating ALL cells from a single patient. One caveat to be noted in assessing the data from this report is that FISH is a lowresolution tool to indicate clonal relationships, and it is possible that cells with similar FISH patterns have distinct mutations at the DNA sequence level. Indeed, the authors concluded that, in some cases, multiple independent events occurred at the same locus in different subclones.
In the second study, CNA analysis by single-nucleotide polymorphism array in conjunction with the xenotransplantation assay was used to dissect genetically distinct leukemia subclones in BCR --ABL --positive ALL. 30 Primary and secondary xenografts were established for multiple cases, and engrafted cells along with the primary patient sample were profiled for CNA. Interestingly, 50% of cases engrafted leukemia clonally related to the dominant leukemic clone based on shared CNA and antigen receptor rearrangements, but contained some divergent CNA. Moreover, limiting dilution analyses further identified subclones lacking a competitive advantage, formally demonstrating the genetic heterogeneity of leukemia-initiating cells. Although CNA discovered in xenografts were not identified by PCR or other methods in the initial patient sample, the authors argued that these mutations were likely present as a rare subclone (as opposed to emerging during the course of the xenograft experiment) because novel CNA were often found in multiple xenografts from the same patient sample. Finally, in two cases, analysis of shared and distinct CNA yielded evolutionary relationships among leukemiainitiating subclones that were nonlinear and branched, similar to those observed with TEL --AML1 ALL. 28 Together, these two groundbreaking studies illustrate the complex evolutionary history of ALL and definitively demonstrate the genetic diversity of leukemia-initiating subclones from individual patients.
THE CLONAL ORIGIN OF RELAPSE
The increased knowledge of individual gene mutations in acute leukemia has made it possible to investigate the clonal origin of relapse. The first study to address this issue used genome-wide analyses of CNA in 61 paired diagnostic and relapse pediatric ALL samples to describe the evolutionary relationship between the predominant diagnostic and relapse leukemic clones. 31 The authors determined that 6% of relapse clones were genetically distinct, 8% carried identical CNA, and 34% evolved from the diagnostic clone to acquire new CNA. Importantly, 52% of relapse clones shared some but not all CNA identified in the diagnostic clone, suggesting that relapse most often evolves from a clone ancestral to the predominant de novo leukemia clone. 31 Moreover, most relapse-specific CNA were identified in the diagnostic specimen at a subclonal level using PCR, suggesting both that the leukemia at diagnosis contains genetically diverse subclones and that therapy drives the selection of the eventual dominant relapse clone. 31 Several other recent reports utilized a similar genome-wide investigation of CNA in paired diagnostic and relapse samples, and also found that there are multiple clonal evolutionary paths to relapse, although the majority of cases shared some CNA with the dominant diagnostic clone. 32 --34 In one of these reports investigating patients with TEL --AML1 ALL, the discordant relapse clone could be detected at low levels in the diagnostic sample by FISH, again indicating that there is subclonal diversity at diagnosis that is subject to selective pressures imposed by therapy. 32 
PRE-LEUKEMIA AND INITIATING MUTATIONS
Cancer genome re-sequencing efforts have determined that most leukemia cases harbor multiple mutations that have sequentially occurred in a single cell lineage to generate a dominant leukemic clone. One important question in leukemia genomics is the identity of leukemia-initiating mutations that result in preleukemic clones. In general, our knowledge of initiating mutations in many cancers, including leukemia, is limited. 35 The antecedent, pre-leukemic cells that could inform our knowledge of leukemiainitiating mutations are generally clinically undetected and are outcompeted by their malignant descendants, such that isolation and investigation of these rare cells has been difficult. Consequently, 'backtracking' studies that enable the direct investigation of pre-leukemia are both rare and important. 36 Although difficult to investigate, the early evolutionary history of a cancer is likely to prove clinically relevant. For example, mutations were identified from sequencing 420 000 proteincoding exons in 'index' metastatic lesions from seven patients with pancreatic cancer. 37, 38 These mutations, of which an average of 61 were found in each patient, were screened in the primary pancreatic tumor and other metastases, such that mutations could be classified as either 'founder' mutations detected in all samples from the same patient, or 'progressor' mutations that must have evolved after the inception of metastasic subclones. Lastly, by modeling the rate of mutation and cell division, various intervals of tumor evolution were estimated based on the accumulation of neutral passenger mutations. The time from initiation to generation of the parental cancer clone was estimated to be approximately 12 years, subsequent evolution of the index metastatic clone was estimated to span almost 7 years, and subsequent progression of the disease to the patient's death only 2.7 years. The authors lamented the frequent diagnosis of pancreatic cancer after metastatic progression, but also noted Alternatively, a common pre-leukemic clone can undergo divergent evolution to generate a distinct, but related, leukemic clone (yellow). Ultimately, the total population of leukemic cells consists of these multiple subclones with a complex genetic relationship, and both common and divergent mutations.
the longer-than-expected pre-metastatic phase during which improved diagnostics may have clinical impact.
Backtracking studies in leukemia have investigated cases of pediatric ALL and identified leukemia-initiating events occurring in utero, as evidenced by the presence of clonotypic chromosomal translocations in both archived neonatal blood samples and monochorionic twins with concordant disease. 39 Strikingly, this group identified the separation of a clonal antecedent preleukemic ALL cell population from frankly leukemic cells, in a monochorionic twin pair with one 'leukemic' and one 'healthy' twin. 40 In pediatric ALL, a Lin-CD34 þ CD38À/lowCD19 þ population, absent from normal bone marrow, has been detected and determined to have leukemia-initiating activity in xenograft assays. 41 In the monochorionic twin pair, rare Lin-CD34 þ CD38À/lowCD19 þ cells were found in the 'healthy' twin that shared TEL --AML1 fusion transcripts and clonotypic DJ recombination sequences with the 'leukemic' twin. These results identified a clinically silent pre-leukemic population in the 'healthy' twin that was clonally related to the sibling's leukemia. Moreover, modeling the effect of TEL --AML1 by retroviral transduction in normal cord blood suggested that the founding chromosomal translocation was likely sufficient to induce the preleukemic population found in the 'healthy' twin. A follow-up study in the same twin pair used genome-wide CNA profiling to identify three potential 'driver' CNA in the frankly leukemic cells. FISH analysis did not detect these three CNA in the 'healthy' twin's preleukemic cells, supporting the hypothesis that the pre-leukemic cells diverged genetically after the initiating chromosomal translocation, with subsequent events leading to the clonal evolution of the affected twin's leukemia. 42 In the case of AML, genome re-sequencing suggests that up to 10 mutations are serially acquired in a single cell lineage that ultimately generates a dominant leukemic clone. This finding raises the critical question of how so many mutations can accumulate in a single clone, given the generally low spontaneous mutation rate and lack of hypermutator phenotypes in AML, and the fact that the overwhelming majority of bone marrow cells lack long-term self-renewal ability. Based on these considerations, a model has been proposed in which mutations must be serially acquired in self-renewing hematopoietic stem cells (HSC), unless they confer self-renewal potential on a downstream cell (Figure 1) . 43 This model is derived from investigation of bone marrow cells from patients in long-term remission from AML1 --ETOpositive AML. In these patients, the fusion transcript was detectable in fluorescence-activated cell sorting-purified B cells, monocytes and stem cells up to 150 months after therapy, suggesting that the AML1 --ETO translocation occurred in a multipotent and self-renewing HSC, generating a pre-leukemic stem cell that underwent subsequent clonal progression to develop into AML. 44 Additional support for this model derives from studies of chronic myeloid leukemia , in which the BCR --ABL translocation occurs in HSC and is sufficient for chronic phase disease. Subsequent clonal progression to blast crisis involves the evolution of leukemia stem cells at the level of granulocyte --macrophage progenitors that exhibit activation of the Wnt/beta --catenin pathway, known to be involved in HSC self-renewal. 45, 46 In AML, most of the known mutations do not occur in pathways implicated in self-renewal. When these mutations occur in nonstem cells, they will quickly be lost from the hematopoietic pool due to the natural course of differentiation and cell death. However, a mutation in a stem cell may persist, and the mutated clone may expand, facilitating further clonal progression until a leukemic stem cell with extensive self-renewal ability develops. We hypothesize that these pre-leukemic HSC containing one, two, three and more clonotypic mutations may still exist in leukemia patients, suggesting the possibility that the prospective isolation and genetic investigation of these cells may reveal the clonal evolution that precedes development of frank AML.
CLONAL EVOLUTION OF ACUTE LEUKEMIA GENOMES
As with pre-leukemic mutations, investigation has been limited in determining the sequence in which leukemia mutations accumulate, and the potential impact on leukemogenesis. An early report investigating cytogenetic abnormalities in HSC from myelodysplastic syndrome determined that 5q-deficiency preceded trisomy of chromosome 8 in 4 out of 4 cases. 47 In AML, mutations that are early or late have previously been defined by their 'stability', that is, continued presence in one patient's leukemia from diagnosis to relapse. FLT3 --ITD, for example, is relatively unstable as it is often discordant between diagnosis and relapse. 48 In patients with myeloproliferative neoplasms, which can progress to AML, clonal analyses of hematopoietic progenitors in lympho-myeloid or erythroid-granulocyte-promoting in vitro culture conditions determined that mutations in TET2 preceded JAK2 V617F mutations in five patients. 20 However, this rigid order was not confirmed by a subsequent report that used a similar strategy of genotyping single cell-derived colonies to determine that TET2 mutations could precede (4/8), follow (2/8), or exist in separate subclones (2/8) from JAK2 V617F. 49 Where multiple recurrent mutations occur in a single case, early mutations are present in all leukemic cells, whereas late mutations may be present in subclones.
Apart from acute leukemia, one recent report of a patient with T cell lymphoma paired exome sequencing to identify tumor-specific mutations with genotyping of single cell-derived myeloid colonies from fluorescence-activated cell-sorted CD34 þ cells to determine that mutations in PLZF, CRIM1 and TET2 preceded a mutation in ZNF774. 50 This approach of exome-wide mutation discovery coupled with single-cell clonal analyses for these mutations may also yield the order of events in AML. In contrast to T cell lymphoma, many AML cells express CD34, such that normal or preleukemic hematopoietic stem and progenitor cells may be rare relative to leukemia cells within the CD34 þ population. Therefore, prospective separation of residual HSC from AML cells, which has recently been accomplished by our group and others, 51 --54 may make it possible to investigate pre-leukemic subclones and the clonal evolution of de novo AML genomes.
CLINICAL IMPLICATIONS AND CONCLUSION
The studies highlighted here are not only important to our understanding of leukemogenesis and clonal progression, but also have significant clinical implications. As described above, patients with AML or ALL generally have poor clinical outcomes, particularly adults who have less than 40% long-term survival. In most of these patients, the true killer is relapsed, treatmentrefractory disease. This raises the important question of what is the cellular basis of relapse and how does it relate to the original pre-treatment disease? A simple hypothesis is that the predominant leukemic clone, and its leukemia stem cells, persists following therapy, eventually expanding to give rise to the refractory, relapsed clone (Figure 3a ). An alternative is that a rare treatmentresistant subclone is selected through the course of therapy that is responsible for relapse (Figure 3b ). This scenario is particularly relevant to targeted therapies such as tyrosine kinase inhibitors, in which patients might relapse with a resistant subclone, dampening the long-term effectiveness of such therapies. In order to significantly improve long-term patient outcomes, it will be critical to understand heterogeneous subclonal responses to novel targeted therapies. A third possibility is that treatment with DNA-damaging therapeutic agents contributes to genetic evolution of the leukemia, resulting in the relapsed clone (Figure 3c) . A final possibility is that DNA-damaging therapeutic agents act on pre-leukemic cells to induce additional mutations, resulting in a novel relapsed clone ( Figure 3d ). As detailed above, there is evidence that several of these mechanisms can be observed in pediatric ALL, where it appears that clonal evolution on a path Evolution of acute leukemia genomes M Jan and R Majeti divergent to the dominant de novo leukemic clone is a common path to relapse. Whether current DNA-damaging treatments that are effective at eradicating the dominant leukemic clone select cells for future emergence or in fact drive mutagenesis and clonal evolution is of great importance and is currently unknown. While genetic coding mutations clearly have a key role in acute leukemia, growing evidence indicates that epigenetic alterations also contribute to disease pathogenesis. As described above, somatic mutations have been identified in a number of genes involved in the regulation of the epigenome. Accordingly, DNA methylation patterns of bulk blasts can identify distinct previously known and unknown subtypes of AML. 55 It remains to be demonstrated that subpopulations of acute leukemia cells exhibit epigenetic heterogeneity, but it seems very likely that epigenetic diversity contributes to subclonal heterogeneity in acute leukemia. Such epigenetic subclones likely differ in their proliferation, self-renewal, differentiation and response to therapy, adding an additional dimension to the functional heterogeneity of leukemia subclones.
Identification of the subclonal origin of relapsed disease may shift the target of therapy to include both the dominant diagnostic clone and a potentially minor relapse clone. Moreover, rare pre-leukemic clones may contribute to relapse through the acquisition of new mutations, suggesting that these cells may also need to be targeted for cure. Ultimately, a deeper characterization of pre-leukemia will inform our understanding of the path from pre-leukemic cells to relapse, and potentially indicate a need to develop therapies targeting pre-leukemic clones. Figure 3 . Model for the clonal basis of relapse in acute leukemia. The clonal heterogeneity of pre-leukemic HSC clones and frankly leukemic clones leads to multiple models for the clonal bases of relapse in acute leukemia. (a) A simple option is that the predominant leukemic clone, and its leukemia stem cells, persists following therapy, eventually expanding to give rise to the refractory, relapsed clone (red). (b) An alternative is that a rare treatment-resistant subclone is selected through the course of therapy that is responsible for relapse (yellow). (c) A third possibility is that treatment with DNA-damaging therapeutic agents contributes to genetic evolution of the leukemia, resulting in a genetically novel relapsed clone (dark brown). (d) A final possibility is that DNA-damaging therapeutic agents act on pre-leukemic cells to induce additional mutations resulting in a novel relapsed clone (pink). It is likely that the clonal basis of relapse will differ between individual patients, as suggested by the studies of pediatric ALL described above. It is also possible that more than one mechanism can be responsible for relapse in the same patient, giving rise to clonal heterogeneity within relapsed leukemia.
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